ABSTRACT: Reaction of (η 5 -(S)-2-(4-methylethyl)oxazolinylcyclopentadienyl)(η 4 -tetraphenylcyclobutadiene)cobalt with [IrCp*Cl2]2 in acetonitrile with KPF6 and KOt-Bu resulted in S,Sp,SIr and S,Rp,RIr configured acetonitrile and Cp* coordinated cationic iridacycles (d.r. up to 4.8 : 1 -kinetic control), the planar chiral configuration dictating the configuration of the pseudo-tetrahedral iridium-based stereogenic centre. Addition of water to the cycloiridation reaction resulted in an increase in yield (up to 78%) at the cost of diastereoselectivity. Use of the corresponding substrate containing a t-Bu rather than an i-Pr substituted oxazoline gave exclusively the S,Sp,SIr diastereoisomer, and under the same conditions (S)-2-ferrocenyl-4-(1,1-dimethylethyl)oxazoline cycloiridated to give only the S,Sp,SIr diastereoisomer. Substitution reactions of the title complexes at iridium proceeded with retention of configuration, a computational study revealing the proposed coordinatively unsaturated intermediate of a dissociative mechanism to display a relatively weak Co-Ir interaction, and a pronounced steric effect as the basis of stereocontrol.
INTRODUCTION
Late transition-metal derived metallacycles have been the subject of multiple studies, 1 in part due to the use of these complexes as catalysts and precatalysts in synthesis.
2 Much of this work has focused additionally on chiral non-racemic metallacycles, usually palladacycles, 3 with these frequently derived from an auxiliary appended ferrocene precursor such as (S)-1. Following stereoselective C-H activation, the resulting complex contains a new element of planar chirality. 4 The use in this way of metals other than palladium is rare, and in light of this we recently reported the cycloiridation of ferrocenyloxazoline (S)-1 to give cationic complex (S,Sp,SIr)-2. This was formed as predominantly one of the four possible product diastereoisomers due to additional control of the iridium-based stereogenic center (Scheme 1). Substrates related to (S)-1, and also employed for the synthesis of planar chiral palladacycles, are oxazoline-appended cobalt sandwich complexes (S)-3 and (S)-4. The stereoselectivity observed is a function of the oxazoline R substituent, 6 and also the reaction condition, 7 such that (S,Rp)-5 and (S,Sp)-6 may be obtained as a result of thermodynamic and kinetic control, respectively (Scheme 2). Palladacycle (S,Rp)-5 and its chloride bridged congener have been applied successfully as catalysts in asymmetric synthesis. 8 Cycloplatination of (S)-3 has also been reported. 9 In view of the ongoing interest in the application of iridacycles in catalysis, 2c,2d,10 including asymmetric catalysis, 11 we chose to explore the cycloiridation of (S)-3 and (S)-4 with the aim of generating novel bulky iridacycles, ideally with control of the new elements of planar and metal-centered chirality. Our results are reported in this Article.
RESULTS AND DISCUSSION
The reaction conditions developed for the cycloiridation of ferrocene derivative (S)-1 (Scheme 1) were applied to cobalt oxazoline (S)-3 (Scheme 3, Table 1 , entry 1). This resulted in a relatively low yield of two new complexes in a ratio of 3.7 : 1. The identity of both as iridacycles was established initially by there being two sets of three cyclopentadienyl hydrogen signals in the 1 H NMR spectrum recorded in CD3CN (major = 5.51, 4.97 and 4.82 ppm, minor = 5.12, 4.94 and 4.59 ppm), together with the corresponding two singlets of the Cp* moiety (major = 1.70, minor = 1.55 ppm). For both diastereoisomers a NOESY experiment revealed an NOE between the methyl substituents of the Cp* group and the ortho-hydrogens of the phenyl groups attached to the η 4 -cyclobutadiene moiety. This suggested that the diastereoisomers have different planar chiral configurations with the same relative iridium centred configuration. The identity of the major isomer as (S,Sp,SIr)-7 was supported by the observation of an NOE between one of the diastereotopic methyl groups of the iso-propyl oxazoline substituent and the meta-hydrogens of the phenyl groups. In addition, the negative chemical shift of this methyl group (-0.04 ppm) is further evidence of its proximity to the phenyl groups attached to the η 4 -cyclobutadiene moiety. In contrast, the corresponding methyl groups of the minor diastereoisomer (0.99 and 0.69 ppm) do not reveal an NOE with the phenyl groups, from which it is assigned the identity (S,Rp,RIr)-8. Additional circular dichroism and X-ray crystallographic studies confirmed these configurational assignments (vide infra).
Scheme 3. Diastereostereoselective cycloiridation of cobalt oxazoline (S)-3.
An attempt to separate the two diastereoisomers by chromatography on alumina was partially successful resulting in an enrichment of the major isomer. However, further purification of (S,Sp,SIr)-7 (an amorphous solid) by crystallisation did not prove possible. Chromatography also removed an unidentified brown substance (which displayed a very complex 1 H NMR spectrum), and it was found that the formation of this was avoided if a small quantity of water was added to the reaction. This gave an increase in yield although at the cost of diastereoselectivity (entry 2). This trend was also observed on increasing the reaction time from 18 hours to 7 days. The reaction in the absence of water resulted in a higher selectivity and lower yield (entry 3) compared to the corresponding reaction in the presence of water (entry 4). The former resulted in the highest selectivity observed (4.8 : 1), and the latter in the highest yield (78%). In contrast the use as base of NaOH, both with and without water, resulted in both lower selectivity and yield (entries 5 and 6). Thus KOt-Bu is clearly the better base for this reaction, albeit that when used with water this leads to in situ generated hydroxide as an alternative base, and this may account for the lower selectivity observed under these conditions. The cycloiridation selectivity in favour of the Sp planar chiral configuration, together with the absence of any substantial change in the product ratio as a function of time, are suggestive of kinetic control of diastereoselectivity. To investigate this further cycloiridation was repeated as described in entry 2, excepting that H2O was replaced by D2O and the reaction time extended to 3 days (entry 7). This resulted in a similar outcome to entry 2 with no deuterium incorporation into the iridacycle products 7 or 8, in contrast to what would be expected for a reversible reaction under these conditions. The kinetic preference for Sp functionalisation is the same as that observed previously for the cyclopalladation of this substrate, 6c,12 and the α-lithiation, 13 cyclopalladation 4 and cycloiridation 5 of related ferrocenyloxazoline (S)-1.
With the aim of improving the cycloiridation stereoselectivity, the reaction was performed on the corresponding (S)-tert-leucinol derived oxazoline (S)-4. Application of the conditions that resulted in the highest yield with (S)-3 (Table 1, entry 4) in this instance, resulted in a slow reaction and formation of the product iridacycle as a single diastereoisomer (Scheme 4). The use of a NOESY experiment for the preliminary determination of the stereochemistry proved inconclusive. Instead, the similarity of the circular dichroism spectrum to that of (S,Sp,SIr)-7 was used to assign the configuration of the new iridacycle as (S,Sp,SIr)-9 ( Figure 1 ). The significantly higher diastereoselectivity observed with the tert-butyl substituted cobalt oxazoline (S)-4 prompted us to examine the cycloiridation of corresponding ferrocenyloxazoline (S)-10. Use of the standard conditions with an 18 hour reaction time in the absence of water gave a new iridacycle as a single diastereoisomer (Scheme 5). With addition of water the diastereoselectivity was not compromised and the yield increased from 29% to 45%. The identity of the new iridacycle derived from (S)-10 as (S,Sp,SIr)-11 was established by the similarity of aspects of its 1 H NMR spectrum to that of (S,Sp,SIr)-2, together with a NOESY experiment revealing cross-peaks between the unsubstituted Cp group and the t-Bu and Cp* methyl substituents. In addition, the circular dichroism spectra of (S,Sp,SIr)-2 and (S,Sp,SIr)-11 are essentially identical ( Figure  2 ). In light of the influence of added water on the outcome of cycloiridation, we revisited this reaction with substrate (S)-1 (Scheme 1). In our previous study acetonitrile was dried over molecular sieves, and for this study acetonitrile was distilled from CaH2 under argon immediately prior to use. With the solvent dried in this way, and using the same conditions as described in Scheme 5, cycloiridation of (S)-1 again resulted predominantly in (S,Sp,SIr)-2, with an increase in diastereoselectivity (d.r. = 48 : 1, 38% yield). In the presence of added water the diastereoselectivity decreased (d.r. = 14 : 1, 31% yield). Thus, as in the cobalt series, the diastereoselectivity of cycloiridation controlled by the isopropyl oxazoline auxiliary is maximised by the exclusion of water. In contrast, with the tert-butyl oxazoline auxiliary, complete control of diastereoselectivity results in both the iron and cobalt series irrespective of the presence of water.
A previously observed feature of the chemistry of ferrocene derived iridacycles is the formation of a substituted pentamethyliridocenium cation from these on heating. 15 That a cobalt iridacycle can also undergo this transformation was established by heating a mixture of (S,Sp,SIr)-7 and (S,Rp,RIr)-8 in deuterated acetonitrile, and monitoring the reaction daily by Further examination of these reactions revealed the formation of an organic by-product, and from the first of these (Path A) this was isolated and identified by an X-ray crystallographic study as (Z)-enedione 13, an oxidation product of the tetraphenylcyclobutadiene moiety (see supporting information). This outcome fits with our occasional obsevation of the formation of an iridocenium ion byproduct from the cycloiridation reactions described above. This could be prevented if rigourous care was taken to exclude oxygen. An alternative method for the cycloiridation of (S)-1 with [IrCp*Cl2]2 used sodium acetate as base in dichloromethane. This reaction resulted in the poorly selective formation of two neutral chloride ligated diastereoisomers with different planar chiral configurations. 5 Repetition of these and related conditions with cobalt oxazoline (S)-3 as substrate was unsuccessful and led only to the recovery of starting material. Instead, neutral chloride ligated diaststereoisomers were obtained starting with an orange mixture of (S,Sp,SIr)-7 and (S,Rp,RIr)-8, addition of dichloromethane to give a brown/green solution, and further addition of tetrabutylammonium chloride (TBAC) resulting in an instantaneous change in colour back to orange (Scheme 7). Alternatively, chloride ligand substitution resulted from the addition of KCl to a solution of (S,Sp,SIr)-7 and (S,Rp,RIr)-8 in methanol. Irrespective of the deuterated solvent used (CDCl3, THF-d8 or acetone-d6) the NMR spectrum of the material obtained after work up from both reactions was broad, precluding product identification. Prolonged standing of a CDCl3 solution of the product (from MeOH/KCl) resulted in the isolation of two crystal forms; the more abundant were pink/orange rectangular prisms, and the less abundant were much smaller pale pink thin prisms. Single crystal X-ray diffraction analysis of the former revealed the structure to be (S,Sp,RIr)-15 ( Figure 3) , and the same analysis of the latter revealed the structure to be (S,Rp,SIr)-16 ( Figure 4) . In both structures a Cp* methyl group is proximate to two phenyl groups, in agreement with the NOE's observed for the acetonitrile coordinated precursors (shortest methyl carbon to ortho carbon distance = 3.430 Å for (S,Sp,RIr)-15 and 3.439 Å for (S,Rp,SIr)-16). In addition, the former structure displays an iso-propyl methyl carbon to meta-phenyl carbon distance of 3.619 Å in agreement with the NOE observed between the hydrogens attached to these carbons in acetonitrile coordinated precursor (S,Sp,SIr)-7. Treatment of the chloride ligated iridacycles (S,Sp,RIr)-15 and (S,Rp,SIr)-16 with potassium hexafluorophosphate in acetonitrile resulted in reformation of (S,Sp,SIr)-7 and (S,Rp,RIr)-8 with no change in the ratio of diastereoisomers. Substitution at iridium was further investigated by dissolution of a 2 : 1 ratio of (S,Sp,SIr)-7/(S,Rp,RIr)-8 in dichloromethane followed by addition of triphenylphosphine (Scheme 8), and this again resulted in an instantaneous change in the colour of the solution from brown/green to orange. New phosphine adducts were formed in a 2 : 1 ratio as determined by both 31 P and 1 H NMR spectroscopy. A NOESY experiment revealed, for both isomers, an NOE between the methyl substituents of the Cp* group and the ortho-hydrogens of the cyclobutadiene attached phenyl groups, and for the major isomer an NOE between one of the methyl groups of the iso-propyl oxazoline substituent (0.43 ppm) and the cyclobutadiene attached phenyl groups. In addition, the minor isomer displayed an NOE between one of the methyl groups of the iso-propyl oxazoline substituent (0.21 ppm) and the phosphorous attached phenyl groups. On the basis of the above observations the major and minor isomers are identified as (S,Sp,RIr)-19 and (S,Rp,SIr)-20, and the outcome of the reaction sequence is consistent with substitution occurring with retention of configuration via configurationally stable and coordinatively unsaturated cationic intermediates 17 and 18. Stereospecific substitution in this way is the same as established previously in ferrocene iridacycles 5 and also reported for racemic (η 6 -arene)tricarbonylchromium iridacycles. A computational study was undertaken to determine the relative energy of iridacycle diastereoisomers with different planar chiral or chiral-at-iridium configurations. Starting with the molecular geometry of (S,Sp,RIr)-15 and (S,Rp,SIr)-16 (as determined by X-ray crystal structure analysis) the structures were optimised using the TPSS functional and the dispersion corrected B97D functional with the Gaussian 09 set of programs. 17 Iridium, cobalt and chlorine atoms were described using the LANL2DZ basis set and effective core potential, 18 with all other atoms being described with the all electron 6-31+G** basis set. 5, 19 Stationary points for all structures were confirmed as minima by frequency analysis. The chiral-at-iridium diastereoisomers (S,Sp,SIr)-21 and (S,Rp,RIr)-22 ( Figure 5 ) were modeled similarly, together with coordinatively unsaturated iridium complexes 17 and 18. Key data from these studies are presented in Tables 2-4. The trends in relative energy are the same for both the TPSS and B97D sets of calculations (Table 2) , but the bond distances etc determined by the former are in better agreement with those determined by X-ray crystal structure analyses, such that the TPSS data are used in Tables 3 and 4 , and in the following discussion.
Comparison of diastereoisomers (S,Sp,RIr)-15 and (S,Sp,SIr)-21 reveals that the former is more stable than the latter by 2.19 kcal/mol -1 ( Figure 6a ). This difference is attributed, at least in part, to an electrostatic repulsion between the chlorine ligand and the π-system of the phenyl groups. 20 That the Cp* group is oriented towards the phenyl groups in (S,Sp,RIr)-15 is therefore not disfavoured, as a Cp* methyl group is accommodated between two phenyl groups without a destabilising interaction (Figures 3 and 6a) . For diastereoisomers (S,Rp,SIr)-16 and (S,Rp,RIr)-22 the total energy calculations reveal the former to be more stable than the latter by 1.38 kcal mol -1 (Figure 6b ), again potentially a consequence of a destabilising phenylchlorine interaction. Comparison of the two more stable chiral-at-iridium diastereoisomers reveals (S,Rp,SIr)-16 to be more stable than (S,Sp,RIr)-15 by 2.59 kcal mol -1 , a consequence of the oxazoline iso-propyl substituent being oriented away rather than towards the phenyl groups. This further supports the kinetic basis of the planar-chiral selectivity, as the acetonitrile ligated congener of (S,Sp,RIr)-15 is the major diastereoisomer formed on cycloiridation.
Calculated cationic complexes 17 and 18 both display a shorter Ir-Co distance than observed and calculated for the chloride adducts, but the difference (~0.22 Å = 5.3%) is markedly less than the calculated reduction in Ir-Fe distance resulting from the conversion of a related ferrocene-based iridacycle into cationic intermediate 23 on loss the chloride ligand (~0.61 Å = 15.7%). 5 In the ferrocene series the Fe-Ir interaction in the cation is also manifest in a decrease in the partial Mulliken charge on iron, and in a tilt of iridium towards iron of ~21° (relative to the planar cyclopentadienyl ring). In contrast, complexes 17 and 18 do not display a reduction of Mulliken partial charge on Co, and there is a tilt of iridium away from cobalt (~9-10°).
These differences are apparent on comparison of the structure overlay of cations 18 and 23 (Figure 7a ). For 18, comparison of the corresponding DFT calculated structure with methyl groups in place of phenyl groups reveals a shorter Ir-Co distance (3.739 Å) and a Ir-C(CpCo) bond essentially in the plane of the cyclopentadienyl group (Figure 7b) . Thus Co-Ir interaction is inherently less than Fe-Ir interaction in coordinatively unsaturated cationic complexes, a difference exacerbated by the presence of phenyl groups. The small Co-Ir interaction also contrasts with the significant shortening of the Cr-Ir distance calculated for the cationic complex formed on loss of a chloride ligand from a Cp-substituted (η 6 -arene)tricarbonylchromium iridacycle (~1.1 Å, 27%). 16 As stereospecific substitution of the cobalt sandwich complexes at iridium is not so clearly a stereoelectronic effect, as is the case with the corresponding ferrocene and (η 6 -arene)tricarbonylchromium complexes, it may alternatively result from steric shielding of iridium by the phenyl groups attached to the cyclobutadiene moiety. Either way, inversion at iridium on substitution is kinetically inaccessible, and in the case of chloride substitution at least, thermodynamically disfavoured based on calculations. 
CONCLUSION
Oxazoline appended bulky cobalt-based sandwich complexes are suitable substrates for cycloiridation. Use of a (S)-tert-leucine derived auxiliary gives a single diastereoisomer; the new Sp-element of planar chirality is a result of kinetic control, and in the new element of iridium-centered chirality the exchangeable ligand is oriented away from the sandwich complex. Dissociative substitution of this exchangeable ligand proceeds with complete retention of configuration. Although these outcomes are as observed previously in related ferrocenebased chemistry, a computational study reveals that in the cationic intermediate (resulting from ligand dissociation), there is significantly less Co-Ir interaction compared to the previously computed Fe-Ir interaction. Furthermore, compared to the ferrocene-based complexes, the cobaltbased iridacycles are much less prone to transform into iridocenium complexes, and the environment about iridium is markedly more crowded due to the proximity of one or more phenyl groups. The significance of these differences with respect to the use of these chiral nonracemic iridacycle complexes in catalysis is under investigation.
EXPERIMENTAL SECTION
General remarks. Acetonitrile and dichloromethane were dried by distillation from calcium hydride. Methanol was dried over 4 Å molecular sieves. All cycloiridation reactions and reactions involving the use of dry solvents were carried out under an inert atmosphere of either nitrogen or argon. Silica gel (60 Å pore size, 40 -63 µm technical grade) and neutral aluminium oxide (Brockmann I, 50 -200 µm) were used for chromatography. General procedure for cycloiridation. The oxazoline (0.06 mmol), (pentamethylcyclopentadienyl)iridium(III) chloride dimer (0.025 g, 0.03 mmol), potassium tert-butoxide (0.007 g, 0.06 mmol) and potassium hexafluorophosphate (0.047 g, 0.25 mmol) were added to a flame dried Schlenk tube under an inert atmosphere (glove box). After the addition of freshly distilled acetonitrile (5 mL) and water (10 μL), the mixture was stirred at 45 °C for the specified time. The reaction was allowed to cool to room temperature and washed with hexane until the hexane layer became colourless. The acetonitrile layer was reduced in vacuo and the resulting solid was re-dissolved in a minimum amount of acetonitrile and filtered through a short pad of neutral alumina using acetonitrile as the eluent to give a bright orange solution, followed by removal of the solvent in vacuo. To this, a solution of tetra-n-butylammonium chloride (0.008 g, 0.03 mmol) in dry dichloromethane (1 mL) was added causing an immediate colour change from brown green to bright orange. The reaction was allowed to stir at room temperature for 1 h before removal of the solvent in vacuo. Excess tetra-n-butylammonium chloride was removed by re-dissolving the orange residue in hexane/dichloromethane and washing with brine (4 x 50 mL). The organic layer was dried by filtering through a glass wool pad loaded with magnesium sulfate followed by removal of the solvent in vacuo to give a tacky orange solid (0.02 g, 78%). Method 2. To a round bottomed flask containing iridacycles (S,Sp,SIr)-7 & (S,Rp,RIr)-8 (d.r. 1.2 : 1) (0.027 g, 0.03 mmol) and potassium chloride (0.028 g, 0.38 mmol) was added methanol (3 mL) to give a brown/orange solution. The reaction was allowed to stir at room temperature for 1 h before filtering through neutral alumina using methanol as the eluent. The solvent was removed in vacuo to give the crude product (0.02 g, 86%). This was redissolved in ethyl acetate and transferred to an NMR tube whereby hexane was carefully layered on top and the solvents allowed to slowly diffuse and evaporate to give crystals suitable for X-ray analysis. Crystals are pink-orange rectangular prisms. One, ca 0.40 x 0.11 x 0.045 mm, was mounted in oil on a glass fibre and fixed in the cold nitrogen stream on an Oxford Diffraction Xcalibur-3/Sapphire3-CCD diffractometer, equipped with Mo-Kα radiation and graphite monochromator. Intensity data were measured by thin-slice ω-and φ-scans. Total no. of reflections recorded, to θmax = 30°, was 38619 of which 11599 were unique (Rint = 0.036); 10981 were 'observed' with I > 2σI. Data were processed using the CrysAlisPro-CCD and -RED programs. 23 The structure was determined by the direct methods routines in the SHELXS program 24 and refined by full-matrix least-squares methods, on F 2 's, in SHELXL. 25 The non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were included in idealised positions and their Uiso values were set to ride on the Ueq values of the parent carbon atoms. At the conclusion of the refinement, wR2 = 0.062 and R1 = 0.030 (28) for all 11599 reflections weighted w = [σ 2 (Fo 2 ) + (0.0346P) 2 + 0.291P] -1 with P = (Fo 2 + 2Fc 2 )/3; for the 'observed' data only, R1 = 0.027. In the final difference map, the highest peaks (to ca 1.5 eÅ -3 ) were close to the iridium atom. Previoulsy determined cattering factors for neutral atoms were employed. 26 Computer programs used in this analysis have been noted above, and were run through WinGX 27 on a Dell Optiplex 755 PC at the University of East Anglia.
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